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Abstract
We have developed a new and user-friendly interface energy calculation method that avoids problems deriving
from numerical differences between bulk and slab calculations, such as the number of k points along the
direction perpendicular to the interface. We have applied this to 36 bcc-fcc metal interfaces in the (100)
orientation and found a clear dependence of the interface energy on the difference between the work functions
of the two metals, on the one hand, and the total number of d electrons on the other. Greater mechanical
deformations were observed in fcc crystals than in their bcc counterparts. For each bcc metal, the interface
energy was found to follow the position of its d band, whereas the same was not observed for fcc.
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1. Introduction
The study of metal-metal interfaces is crucial
for many industrial processes and technological ap-
plications [1–3], including growth modes in thin
films [4, 5], catalysis [6], as well as many experi-
mental techniques used in nanotechnology such as
those involving metallic tips on metal surfaces [7].
Theoretical support in designing metallic interfaces
is essential as it can provide information that is
extremely difficult to extract experimentally. An
example is given by interface energies, which deter-
mine the nucleation barrier and the shapes of pre-
cipitates [8–10], besides the stability and reliability
of the whole system. These energies are not directly
accessible experimentally. Thorough studies have
been performed at the level of first-principles cal-
culations on selected solid-solid interfaces, focusing
on various aspects such as the film thickness [4],
orientation [7], magnetoresistance [11], magnetic
anisotropy [12] ferromagnetic moments [13], as well
as electronic [14–17], mechanical [18–21], and ther-
modynamic [22–26] properties. Notwithstanding
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the detailed nature of these analyses, they were
quite often mostly focused on a very few materi-
als. What is currently still missing is, for instance,
a systematic analysis and a rule of thumb as to how
to “cherry pick” materials and match them, ensur-
ing stability of their interface at the same time.
In this work, therefore, we chose to follow a dif-
ferent approach. We focused on only one crystal
orientation (100) and on one type of relative dislo-
cation between the two metals, but we performed
a systematic analysis spanning over 36 interfaces.
These were obtained by combining 6 face-centered-
cubic (fcc) crystals (Au, Ag, Cu, Ni, Pd, Pt) with
6 body-centered-cubic (bcc) crystals (Cr, Mo, W,
Nb, V, Ta). Such an approach has allowed us to
formulate a descriptor for interface energies based
on very similar conditions for all systems.
In particular, we aimed to understand whether it
is possible to predict trends in interface energetics
on the basis of simple bulk properties. In previous
work, on the basis of non-first-principles calcula-
tions [27], interface energies were found to depend
on the balance between several quantities, including
the number of d electrons per atom in the interface
layers and in the bulk, the bandwidth of the inter-
face layers and the bulk, the cohesive energies, the
Fermi levels and the intra-atomic potentials. We
show here, instead, that modern density functional
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theory (DFT) calculations make it possible to re-
veal much simpler relationships. In particular, we
show that, for certain metal pairs, simply the differ-
ence between their work functions or the sum of the
electrons in their d bands can provide a first hint
on the stability of the interface. We anticipate that
this will prove to be a very useful finding for the
design of metallic multi-layers and heterostructures
for technological applications. Our work is particu-
larly timely and relevant for interface layer selection
and design in the context of high-throughput ma-
terials simulation and informatics, a research area
which is gaining increasing traction at present.
2. Methods
The interface energy is the energy cost associated
with the introduction of an interface. It can be in-
terpreted as the surface “binding” energy density
of the two components. It comprises two contri-
butions, namely the chemical and electronic energy
that originates from breaking and creating bonds to
form an interface, and the elastic energy required
to create the interface by matching the two lat-
tices [28]. We mainly focus on the electronic com-
ponent and neglect the elastic contribution, which
goes beyond the scope of the present work. Within
one of the most accurate methods to date [29], the
interface energy γ can be calculated as:
γ = E′fcc/bcc − Ebulkfcc − Ebulkbcc , (1)
where
E′fcc/bcc = Efcc/bcc − σfcc − σbcc. (2)
Here, Efcc/bcc is the total energy of the system,
Ebulkx is the total energy of the crystal in the bulk
state. The surface energies σx are calculated rela-
tive to the bulk crystal experiencing the same strain
as in the interface (see Ref. [29] for details), via
σx = (Ex − Ebulkx )/2. (3)
Although this method has proven successful [29],
it requires five separate calculations (one for the
interface, two for the corresponding bulk materi-
als and two for their free surfaces), which require
particular care when defining the unit-cell dimen-
sions and the corresponding strain in each of them.
More importantly, it carries the intrinsic problem
of performing algebraic operations between quanti-
ties that are calculated using different numbers of k
points. In fact, the lattice periodicity is preserved in
all three space directions in bulk crystals, but only
in two directions at surfaces. Consequently, ener-
gies computed for bulk and slab calculations are not
directly comparable for all thickness values and slow
convergence of the calculated interface energy with
respect to the number of layers can thereby arise.
Slight variations of Eq. 1 have also been used [30],
but these present the same problem.
We thus propose an alternative method, namely
an extension of the Fiorentini procedure [31] that
was originally developed to calculate surface ener-
gies, and which has been shown to provide acceler-
ated convergence with respect to the number of lay-
ers in the system [32]. Surface energy is the energy
needed to cleave a bulk crystal into two separate
surfaces [4] and it can be expressed as
σ = lim
N→∞
1
2
(EslabN −NEbulk), (4)
where EslabN is the total energy of an N -atom slab
and Ebulk is the total energy of the bulk per atom.
Within the Fiorentini method, Ebulk can be calcu-
lated as the slope in EslabN plotted against N and
then used in equation 4. This is possible because
the following linear relationship applies:
EslabN ≈ 2σ +NEbulk. (5)
This method allows us to avoid problems deriving
from calculating EslabN and E
bulk with a different
number of k points. We note that, if one-atom unit
cells are considered, N equals the number of layers.
By replacing the vacuum region with another
metal, we have extended this scheme to the calcula-
tion of interface energies. In fact, in the same way
that interface energies are the energies originating
from breaking old bonds and creating new bonds in
the interface, surface energies can likewise be inter-
preted as the energy involved in breaking the same
old bonds and creating new “bonds” with the vac-
uum. Within such a scheme, we built, for each fcc-
bcc interface, at least three structures which differ
from each other by the number of layers on each
side (see Fig. 1). After collecting the total energies
of each structure, we extracted the slope s of the
total energy of the fcc-bcc system ENx+Ny versus
the total number of layers Nx+Ny, where Nx and
Ny are the number of layers on each side of the
interface. The interface energy γ is then given by
γ = (ENx+Ny − (Nx +Ny) ∗ s)/2, (6)
2
Figure 1: Examples of slabs with different numbers of layers
in both fcc and bcc metals (indicated on the right hand side)
as used in our extended “Fiorentini” approach for interfaces.
where ENx+Ny and Nx + Ny must be taken from
the same structure. As for surface energies, this
method avoids problems arising due to numerical
differences between bulk and slab calculations for
interface energies. In addition, it only requires two
simple calculations (although it is recommendable
to perform at least one more to make sure the slope
is evaluated in the linear regime). The work of sep-
aration W (the energy needed to separate the in-
terface into two free surfaces) is given by [1, 33]
W = σfcc + σbcc − γ. (7)
In order to calculate the necessary total energies,
we carried out density functional theory (DFT) cal-
culations by using the PWscf code of the Quantum
ESPRESSO distribution [34], which uses a plane-
wave basis. The LDA exchange-correlation func-
tional was used, with a kinetic energy cutoff for
wave-functions of 50 Ry and, for the charge den-
sity and potential, of 400 Ry. This functional was
chosen because it has been found to yield better
agreement with experiments for surface energies as
compared to GGA [32] and because it is known to
provide a very good description of structural and
energetic properties of solids [35]. For the Brillouin-
zone integration, we use a Monkhorst-Pack [36] set.
Specifically, we used a 16x16x16 k-point grid for
bulk calculations, while we used a 16x16x1 sam-
pling for surface calculations. A Fermi-Dirac smear-
ing with a broadening of 0.0038 Ryd (≈ 600 K) was
adopted. Ultrasoft pseudopotentials USPPs [37]
were used for all elements. Although some of the
systems analyzed are known to present interesting
magnetic properties (for example, see Ref. [38]), we
forced all systems to be non-magnetic in order to
keep their conditions as similar as possible and thus
to better isolate the over-arching descriptors for ad-
hesion.
We considered fcc(100)-bcc(100) interfaces con-
sisting of the same number N of layers in each
metal. Periodicity was applied in all three spatial
directions. In order to meet this condition, odd val-
ues were chosen for N , namely N = 9, 11, 13. For
each metal, a slab in contact with a vacuum region
of approximately 16 A˚ on each side was also built in
order to calculate surface energies (for this kind of
calculation, it does not matter whether an even or
odd number of layers is used). To calculate surface
energies, the size of the simulation cell was deter-
mined using optimized bulk lattice parameters and
all atomic coordinates were then relaxed. For the
interface energies, instead, cell dimensions were op-
timized in all three Cartesian directions to ensure a
minimal strain induced by the lattice mismatch at
the interface.
We emphasise that our surface energies and inter-
face energies were calculated using Eqs. 4-5 and 6,
respectively. For selected cases, Eqs. 1-2 were also
used for the purposes of comparison (see Table 2).
The (100) faces of the fcc and bcc metal were
rotated by 45 degrees with respect to each other
in order to provide an optimal match between the
bcc lattice constant abcc and half a diagonal of the
fcc face (afcc/
√
2, afcc being the fcc lattice con-
stant) [11]. We considered one-atom unit cells, sup-
pressing, therefore, reconstruction effects and long-
ranged mismatch. In the 100 orientation, both the
bcc and fcc metals present an abab layer stacking.
At the interface, the two materials were joined so
that the atoms of one metal rested on top of the
hollow sites of the other.
3. Results and Discussion
In the colour-coded areas of panel (a) and (b) of
Table 1, we report the interface and work of separa-
tion calculated by using Eqs. 6 and 7, respectively.
The “Vacuum” row and column in panel (a) refer
to each individual metal interfaced with vacuum:
this is nothing but the surface energy as pointed
out above (note that, for Au, the calculated value
is in very good agreement with that reported in [32],
where the same code and functional were used). All
corresponding values in J/nm2 are shown in Table
S1 of the Supporting Information. We can observe
that the interface energies shown in panel (a) range
from negative to positive values, which corresponds
to more and less stable interfaces, respectively.
Before analyzing these results in depth, it is
worth comparing some of our values with those
that we would obtain by the method described in
Eq. 1 and in Ref. [29]. For this purpose, we chose
3
Table 1: (a) Interface energies γ and (b) Work of separation
W . All values are given in eV/atom.
one interface with a positive (Ag-W) and one with
a negative (Au-Nb) interface energy. In order to
apply this method, the fcc-bcc interface was em-
bedded in vacuum. All fcc (bcc) slabs contained
an even number of layers, 12, so that the abab
stacking was preserved in the corresponding bulk
calculations, in which the fcc (bcc) block is re-
peated periodically in all three spatial directions. In
the bulk and surface calculations, the same lateral
strain as results in the interface calculation was im-
posed. The same exchange-correlation functional,
pseudopotentials and parameters were used as in
the calculations performed according to Eq. 6 and
reported in Table 1. All calculated quantities used
in the comparison for each system are reported in
Table 2. An interface energy difference of 0.03 eV
and 0.11 eV was calculated for W-Ag and Nb-Au,
respectively, a discrepancy which should ultimately
vanish in the limit of large layer number N .
We furthermore calculated the interface energy
for a Ag-Fe system in the same orientation and
found a value (1.07 J/m2) that is in very good
agreement with those reported for the same inter-
face in Ref. [29]. Although the two methods give
comparable results when the recipe described in
Eq. 1 is carefully applied, the procedure proposed
here is easier to follow and requires fewer types of
calculations. It can also be used for interfaces in-
volving materials with different crystal structures,
provided that care is taken when defining the num-
ber of atoms per unit cell and the number of layers
(chosen to enforce periodicity at the boundaries).
Each of Table 1 (a) and (b) is divided into four
blocks in order to highlight elements coming from
different rows of the periodic table. Specifically,
V, Nb and Ta belong to the 3rd column of the
transition-metal block; Cr, Mo and W belong to 4th
column of the same block; Ni, Pd and Pt belong to
the 8th column; and Cu, Ag and Au belong to the
9th column. These specific columns were chosen be-
cause, within each of them, the crystal structure is
the same across three consecutive rows of the pe-
riodic table. The same does not apply instead, for
instance, to the 5th to 7th columns, where a mix-
ture of fcc, bcc and hcp structures is present. We
anticipate that our qualitative findings will extend
to other metal-metal interfaces structures across
the periodic table, provided that lattice mismatch,
long-range reorganisation, magnetism, or more ex-
otic many-body effects are absent or negligible.
To make it easier for the reader to identify in-
terfaces with similar values of interface energy and
work of separation, we varied the cell colours in
panel (a) from red (lowest negative values) to blue
(highest positive values) and in panel (b) from yel-
low (lowest positive) to orange (highest positive).
The colour-coded areas in panel (a) highlight a ten-
dency towards positive interface energies for the
4th-9th column combinations, and towards negative
interface energies for the 3rd-8th column combina-
tions. The sign of the interface energy plays an im-
portant role in inter-diffusion and interface stabil-
ity [39]. Negative values indicate a greater stability
of the interface. For the work of separation W , all
calculated values are positive but the color-coded
areas show a similar color modulation as for the
interface energies. To get an insight into the vari-
ation observed for these quantities, we investigated
possible dependencies on bulk properties, with the
aim of developing an approach to optimise adhesion
based only on inputs from bulk (high-throughput
compatible) calculations.
In panel (a) of Fig. 2, we show the interface en-
ergies against (black dots) the sum of the d-band
occupation Nd in the two metals (we focussed on
this angular momentum because it is known to play
a dominant role in binding strength for transition
metals [40, 41]). This occupation was evaluated us-
ing a separate bulk unit-cell calculation, integrating
the d band density of states up to the Fermi energy.
A linear trend can be observed, showing negative
energies for lower values of the sum and positive in
the opposite case. In the same panel we also report
(red squares) the interface-energy values as a func-
4
Method of Ref. [29] Proposed method
bulkfcc bulkbcc surfacefcc surfacebcc Efcc/bcc γ (Ry) γ (eV) E(9-9) E(11-11) E(13-13) s γ (Ry) γ (eV)
Ag-W -3548.50 -1910.83 -3548.38 -1910.43 -5458.98 0.09 1.23 -4094.32 -5004.21 -5914.10 -227.47 0.09 1.20
Au-Nb -1378.99 -1417.12 -1378.84 -1416.86 -2795.93 -0.03 -0.37 -2097.14 -2563.16 -3029.17 -116.50 -0.04 -0.48
Table 2: Interface energies calculated, for selected interfaces, using the method described in Ref. [29] and that which we propose,
together with all values of the quantities employed in both. Where not specified, values are expressed in Rydberg. Efcc/bcc is
the energy of the fcc-bcc interface embedded in vacuum, bulkx is the energy of the two bulk metals, surfacex is the energy of
the free surface; E(Nfcc −Nbcc) is the energy of a system consisting of an N-layer fcc slab and an N-layer bcc slab as shown
in Fig. 1, s is the slope of Nfcc −Nbcc versus Nfcc +Nbcc, and γ is the interface energy.
tion of the difference between the work functions
of the two elements forming the junction. Work
functions were calculated as
Φ = VVacuum − EFermi, (8)
where VVacuum is the vacuum potential and EFermi
is the Fermi energy (see Fig. S1 in the Supporting
Information). Both quantities were extracted from
calculations performed on the same slabs that were
used to compute surface energies. For the metals
studied in this work, work functions were generally
found to be larger for fcc metals than for bcc ones
(see Table 3 for values).
Work function (eV) Nd
Ag 4.720 9.54717
Au 5.470 9.48133
Cr 4.394 4.75568
Cu 4.930 9.24695
Mo 4.219 4.73858
Nb 3.873 4.00027
Ni 5.399 8.35574
Pd 5.549 8.8055
Pt 5.783 8.48978
Ta 4.090 3.73651
V 4.054 4.02202
W 4.434 4.54067
Table 3: Work functions and number of d electrons per unit
cell for each metal considered.
The behaviour of interface energies versus the dif-
ference between work functions shows a linear trend
as well, assigning the highest interface energies to
the smallest work-function differences. A rather ap-
proximate linear trend is also observed with respect
to differences between the experimental electroneg-
ativity values (see Fig. S2). The linearity of both
trends in panel (a) of Fig. 2 derives from work func-
tions and number of d electrons Nd being related,
as it can be observed in panel (b) of the same figure.
For the metals here considered, the work function of
fcc is larger than that of bcc in all cases. However,
the two sets show approximately linear dependences
on the number of d electrons with slopes of oppo-
site signs (negative for fcc and positive for bcc): the
combination of these two conditions leads to the dif-
ference between the two work functions being lower
for higher values of Nd in both metals (correspond-
ing, in turn, to higher values of their sum, inset of
panel (b)). Note that this cannot be extended to all
metals generally. It does not apply, for instance, to
interfaces including Fe (bcc), the work function of
which is larger than that of some of the fcc metals
considered here. It is also worth stressing that our
calculations do not include magnetic effects, which
could be present in some of the interfaces consid-
ered. For instance, it has been found that the Cr
atoms of a flat Cr monolayer buried under a layer
of Ag atoms retain a significant spin moment [38].
Nevertheless, we chose not to include magnetism in
our study in order to compare all interfaces sim-
ilar conditions, avoiding where possible additional
effects which might not occur to the same extent in
all materials. Magnetism should, however, be taken
into account in a second step to obtain the whole
picture, which goes beyond the scope of the present
work.
Within the analogy between metal-metal inter-
faces and metal-vacuum interfaces we also observed
(see panel (c)) a dependence on the work function
for the surface energies, with two distinct linear
trends for the fcc and the bcc set, the slope of
the bcc set being higher. The bcc crystals gen-
erally presented a higher surface energy than the
fcc ones. This is not surprising, given that a higher
density of broken bonds yields to a higher surface
energy [42]. Within each set, work functions were
found to increase for decreasing surface energies,
as expected [43]. From Table 1, it can be observed
that the lowest interface energies in panel (a) corre-
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Figure 2: (a) interface energy as a function of the sum of the
total number of d electrons Nd (black dots) and as a function
of the difference between the bulk Fermi energies of the fcc
and bcc metal (red squares); (b) work function as a function
of Nd and (inset) difference of work functions versus sum of
Nd in the two metals; (c) surface energies as a function of
work function.
spond to highest work of separationW in panel (b).
In fact, a dependence on the sum of the d occupa-
tions and on the difference between work functions
was also found for W (Fig. 3), but with opposite
signs. Our results can be interpreted as follows:
when the work functions of two metals are quite dif-
ferent from each other, charge transfer takes place
from fcc to bcc metals with a consequent realign-
ment of their Fermi levels and formation of interface
dipoles. Overall, the ensuing electrostatic balance
contributes to the stabilization of the interface, and
this gives rise to a larger work of separation needed
to reestablish the initial situation than if the two
work functions were initially closer in value.
Inspired by Norskov’s d-band model [40], accord-
ing to which the bond between a molecule and a
metal depends on the position of the d band with re-
spect to the Fermi level, we analyzed the position of
the LDA Kohn-Sham d band (using pseudoatomic
projection) in the atom of the bcc crystal at the
interface when approaching each of the fcc metals
considered. This was evaluated as the energetic po-
sition of the center of mass of the occupied part of
the band with respect to the global Fermi energy of
0.5 1 1.5 2
Φfcc-Φbcc(eV)
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Ndfcc+N
d
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4
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Figure 3: Work of separation W as a function of the sum
of d electrons (black dots) and difference of work functions
(red squares)
each interface. For this analysis, we used structures
consisting of 13 layers on each side of the interface.
Interface energies as a function of the so-calculated
d-band shifts are shown in Fig. 4 for W, Nb and V
in panel (a) as examples. An approximately linear
behaviour is visible for them all, with the position
of the bcc d band center of mass moving down in
energy as the work function of the fcc metal coun-
terpart increases. No clear trend was observed in
the opposite case (see panel (b) of the same figure,
with Au, Ag and Pt as examples), i.e., referring to
the energetic position of the d band in the fcc atom
at the interface with each of the six bcc crystals.
For further insight, we analyzed the pseu-
doatomic Lo¨wdin charges across the junctions for
the same systems as in Fig. 4. Such charges are
shown for the W, V and Nb atoms in Fig. 5. In all
cases, the population at the bcc atom at the inter-
face decreases as the work function of the fcc metal
increases (as expected with increasingly favourable
conditions for charge transfer from bcc to fcc). The
same kind of analysis does not show, however, a
clear trend for the fcc metals (see Fig. 6; for Pt, the
complete charge profile across the whole junction is
shown in Fig. S3 of the Supporting Information).
As an aside, we observed a general tendency of the
bcc metal to present charge oscillations across the
junction more than in the fcc metal.
Overall, our calculated charge distributions show
that only the atoms in one or two layers close to
the interface are strongly affected by the contact
with the other metal. In Fig. 7 we compare, in
Ag (fcc) and W (bcc) as examples, the profile of
the d band in the atom at the very interface (solid
6
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Figure 4: Interface energy as a function of the energy dis-
tance of the center of mass of the d band from the common
Fermi level in the W, Nb and V atoms at the interface when
combined with each of the six fcc metals considered (a) and
in the Ag, Au and Pt atoms at the interface when combined
with each of the six bcc metals considered (b).
black line) with that in an atom in the middle of
the same block (dashed red line). It can be observed
that the profile of the d band in the inner layer ap-
proximately stays constant regardless the metal Ag
(W) is combined with; conversely, it changes quite
drastically at the interface, depending on the metal
at the other side. Finally, we noticed a tendency
of the fcc crystal to modify its lattice parameter
in the plane parallel to the interface (with afcc/
√
2
increasing by up to 0.7 A˚, see Fig. S4 of the Sup-
porting Information) more than in bcc (for which
abcc tends to remain unaffected, with an average
variation of 0.01 A˚).
4. Conclusions
In summary, we have demonstrated a novel
way of computing interface energies. Our method
was constructed as an extension of the Fiorentini
method, which was developed for calculating sur-
face energies. We studied fcc-bcc metal-metal in-
terfaces in the (100) orientation. We found a de-
pendence of the interface energy on the difference
between the work functions of the two metals as
well as the total number of d electrons per unit
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Figure 5: Lo¨wdin charges for all atoms in W, V and Nb when
interfaced with each of the six fcc metals considered. The
horizontal red dotted line indicates the bulk value.
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Figure 6: Lo¨wdin charges for all atoms in Ag, Au and Pt
when interfaced with each of the six bcc metals considered.
The horizontal red dotted line indicates the bulk value.
cell. We believe that such relationships between in-
terface energies and bulk properties can be useful
for selecting materials and optimizing their adhe-
sion. Interestingly, the trend of the interface en-
ergy is reflected in the position of the d band in
the bcc metal with respect to the common inter-
face Fermi level, whereas the same does not apply
for its fcc counterpart. For the systems with the
lowest interface energies, Lo¨wdin charges show a
clear sign of charge depletion in the bcc metal at
the boundaries. The reliable first-principles predic-
tion of surface and interface energetics is a long-
standing challenge of significant technological rel-
evance. The efficient methodology proposed and
trends revealed in this work now provide a new
route to achieving this for metals. It remains to be
seen whether the energetic effects of complicating
factors such as strain and reorganisation, chemical
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tion are evaluated with respect to the global Fermi level of
the interface.
bonding effects such as at oxide interfaces, and the
emergence of interface magnetization and polariza-
tion are also amenable at least semi-quantitatively
to simple bulk descriptors. This is a promising av-
enue for future investigation.
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